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and, in fact, the solid solution/precipitation hardening elements
decreased strength. Stress-rupture and creep properties were
defined as a function of stress, time and alloy additions. The
most beneficial addition elements were found to be Ti or a
combination of Fe+Cr. Stress to produce 0.2% creep strain in 100
hours was estimated to be 22.6 ksi at 450tF and 13.9 ksi at 650YF.

Attempts to improve creep resistance by increasing grain size
through variations in hot working were unsuccessful. Creep
strength at 4507F was less in the grain coarsened materials than
in those with fine grains, and at 650 F was independent of grain
size over the limited range evaluated.; Thus, subsequent efforts at
increasing creep strength will follow the same approach as increas-
ing Loom and elevated temperature monotonic properties. These
efforts will center on improving the quality of solute integration
during mechanical alloying and increasing the alloy dispersoid and
solute content. Continued attempts at affecting recrystallization
to a coarse elongated grain morphology, as achieved in nickel base
systems, should be made. Such a structure is expected to increase
creep strength at service temperatures greater than 50% of the

jabsolute melting point, 380PF in the case of Al.
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SECTION I

INTRODUCTION

Aluminum alloys with greater strength at elevated
temperatures are needed for aircraft applications such as

engine compressors and heat exchangers. Current commercial
alloys provide high strength at room temperature, but at
450-6501F the strength of these materials decreases rapidly.
Consequently, other materials are used for high temperature
load carrying applications with a resultant penalty in
weight.

The strongest and most commonly used aluminum
alloys for high temperature applications are alloys 2219 and

2618. The strengths of these alloys depend on the fineness
of the various intermetallic compound particles established
during casting, processing and heat treating. The strength
of alloy 2219 is derived from its high copper content, 6.3%,
which is considerably in excess of the solubility limit.
Alloy 2618 contains 1.1% iron and 1% nickel in addition to
copper and magnesium. Elevated temperature strength loss in
these alloys is due to coarsening of the intermetallic
compounds from which strength is derived.

In order to improve the strength of aluminum

alloys at high temperatures, more stable strengthening
dispersions are needed. Since coarsening of dispersed
particles depends on dissolution and diffusion, an obvious
choice of dispersoid is aluminum oxide which is essentially
insoluble in aluminum. The oxide dispersion strengthened
(ODS) materials available heretofore, e.g., SAP, have not
fulfilled their promise because of unacceptable combinations
of strength and ductility. The high dispersoid contents
required for elevated strength resulted in unacceptably low
ductility. Consequently, strength had to be sacrificed to
gain ductility.

The development of the mechanical alloying process,
which provides more uniform dispersions of oxide in aluminum,
stimulated renewed inteLest in ODS aluminum alloys for high

temperature service. The present study was initiated to lay
the ground work for the development of new high temperature
alloys manufactured by this process.

Mechanical alloying is a solid state process

whereby elemental or prealloyed powders and oxide particles
are combined to produce dispersion strengthened metal
powders. During milling the powder particles are repetitively
welded and fractured to form composite particles. Organic
milling agents can be added to help achieve the reIiiired
grinding/welding balance. These organic agents also are
incorporated into the interior of the powder particles and,

on reaction, contribute carbide and oxide particles to the
dispersion.



The work conducted in this investigation focused
on the effectiveness of two high temperature strengthening
mechanisms operative in mechanically alloyed aluminum
alloys. First, the relative effectiveness of oxide or
carbide dispersoids was studied and, second, the influence
of metallic additions (alloying) was assessed. Additionally,
the possibility of further strengthening through grain size
control via variations in thermomechanical processing was
studied. The primary goals established for the work included
increased tensile and creep strength at 450 and 650°F with
consideration given to high temperature fatigue strength,
fracture toughness, fatigue crack growth rate, stress
corrosion cracking and post-creep ductility. Table 1*
details the tensile and creep goals for the project.
Comparative data for several high temperature 2XXX I/M
alloys are also included in this table.

* Figures and Tables follow the text.
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SECTION II

MATERIALS AND PROCEDURES

Unalloyed Compositions

Six heats of unalloyed MA Al material were selected
for evaluation during Phase I of the contract. The objec-
tives of this portion of the study were to determine:

(a) The effect of variations in the relative amounts
of carbide and oxide content on mechanical properties.

(b) The effect of total dispersoid content on mechanical
properties.

(c) The ability of thermomechanical processing (TMP)
variations to affect recrystallization to coarse
grains, and its effect on mechanical properties.

Portion (a) of this study was achieved through
control of the amounts of oxygen and carbon added during
mechanical alloying, Table 2. These constituents are
assumed to react to form A1 2 0 3 and A1 4C 3 , respectively.
Thus, the dispersoid quantity (portion b) is controlled by
the total O+C content. The volume percent dispersoid (oxide
+ carbide) formed is related to the analyzed amount of
oxygen and carbon present and the densities of the oxide(l)
and carbide(2) phases according to the following expression:

Vol.% Dispersoid = 1.71 x (wt.% 0) + 3.71 x (Wt.* C)

Portion (c) was investigated through the use of
hot rolling and annealing a candidate material. This work
is fully discussed in a later portion of the report.

Binary Compositions

Ten binary alloys were evaluated during Task A of
Phase II. These alloy additions were selected to exhihit
three solubility ranges in the Al base.

(a) Ni, Fe and Co, representing essentially insoluhle
additions, were added to form stable intermetalic compounds
expected to make an additional contrihution beyond dispersoid
strengthening. Two Fe levels were evaluated to determine
the relative effect of alloy content on strenqth.

(b) Cu, Mn, Cr and Ti, soluble at high tempe)tratures,
should contribute to lower temperature strengthening thlrou h
precipitation hardening at the service temperature.



(c) Zn and Mg, which exhibit extensive solubility at
the service temperature, were added to provide solid solution
strengthening.

Volume percent dispersoid and carbon/ oxygen
volume ratio were maintained at fairly constant levels. The
dispersoid content was lower than in Phase I to promote
improved ductility. Compositions of these alloys are given
in Table 3.

Ternary Compositions

Five additional alloy compositions (Table 4)
were selected for study based on the tensile properties of
the Task A material. Powder was prepared for evaluation
under Task B of Phase II. Four ternaries were made using
additions of the lower solubility alloying elements. The
solid solution alloys were not considered, as they fell far
short of meeting the elevated temperature targets. Because
of the promising results obtained with the binary Al-l.7Ti
alloy studied in Task A, an Al-4Ti alloy was includeJ for
evaluation in Phase II.

4



SECTION III

FABRICATION

Powder was screened to -30 or -45 mesh, placed in
3.375" O.D., 0.25" thick aluminum cans, and vacuum degassed
at 9500F. Degassing times were either 3 or 4 hours and the
pump vacuum pressure before consolidation was less than or

equal to 200 pm Hg. Each can was sealed after vacuum
degassing and immediately compacted at 950-1000OF at a
pressure of 145,000 psi for 20 seconds in a 3.625" diameter
chamber. Each compaction was decanned by machining in a
lathe.

Extrusion conditions were kept as constant as
possible for materials of such diverse compositions.
However, some variation in extrusion temperature was found
to be necessary to cope with the high flow stresses of these
alloys. There are two constraints on the selection of the
extrusion temperature: stalling at low temperature due to
the increased flow stress, and blistering at high temperature
if the stock is heated significantly above the prior powder
degassing temperature. The degassing temperature is
normally held as low as feasible, since loss of strength can
occur with excessively high temperatures. The high flow
stress also aggravates the blistering problem because
adiabatic heating during extrusion is increased. Considering
these constraints, extrusion parameters were selected within
the ranges summarized below:

Extrusion Temperature: 650'F to 900%F
Extrusion Ratio: 33.6:1 to 52.6:1

(0.625" rod to 0.5" rod)
Approximate Strain Rate

Range: 10-30 sec -'

Compaction and extrusion details are contained in Table 5.

5



SECTION IV

EVALUATION

The tensile properties of all materials were

measured in the as-extruded condition at R.T., 450, 550
and 650 0 F. R.T. tests after 100-hr exposures to either 450
or 650OF were also conducted to determine the structural
stability of the M/A materials. Tests were conducted at
R.T. according to ASTM standard E-8, and at elevated tempera-
ture according to ASTM standard E-21 in Tinius-Olsen
Universal Testers. Specimen dimensions are shown in Figure
1.

Creep and stress-rupture tests of as-extruded
material were conducted in Riehle static load creep frames
according to ASTM standard E-139. Step loaded stress-rupture
tests were conducted by applying to each specimen (Figure 2)
an initial stress which was increased 2 ksi for 450°F tests
and 1 ksi for 650°F tests after 24 hrs if the specimen had
not failed. Time spent at the highest applied stress was
considered to be the life of the specimen. Creep tests were
conducted in a similar manner, except that the time interval
between load increments was 100 hrs. Data gathered during
these tests included (1) strain on loading to the initial
stress, co, (2) the amount of primary creep strain, CI,
defined as the difference between the y-axis intercept of
the steady state creep curve and co, and (3) the steady-
state creep rate at each load Zs. A graphic
description of these values is given in Figure 3.

Structural evaluation was done using optical
metallography. Standard specimen preparation procedures
were used. As-extruded microstructures were recorded at 50
and 200X in the longitudinal and transverse planes. The
specimens were etched with either 10% NaOH, Tucker's or
Barker's reagent.

A limited number of specimens were examined using
transmission electron microscopy. Foils were thinned to
perforation in Disa A-2 electropolishing solution, (i.e.,
1400 ml reagent alcohol, 240 ml distilled water, 200 ml
ethylene glycol monobutyl ether, 156 ml perchloric acid).
Structural examination was done in a Phillips EM-300 100 kV
electron microscope.

6



SECTION V

RESULTS AND DISCUSSION

Tensile Properties

Unalloyed Material. Room temperature tensile
properties of the unalloyed materials are given in Table 6.
Tensile and yield strengths varied depending on dispersoid
content as shown in Figure 4. Linear regression analysis of
the data yielded correlation coefficients of 0.92 and 0.95
for the tensile and yield strength vs. dispersoid content,
respectively. As expected, the tensile strength depends
less on dispersoid level than the yield strength. Such
behavior is typically exhibited by work hardened materials
and results from a decrease in ductility (smaller difference
between tensile and yield strength) as strength is increased.
Note that extrapolation to 0% dispersoid content results
in an estimated tensile strength (subsequently referred to
an alloy "base strength") of 30.5 ksi, a value very close to
the tensile strength exhibited by EC Al hardened to the H19
temper (27 ksi)(3). Thus, the base strength of unalloyed
M/A Al apparently is due to the retained work hardened state
derived from the mechanical alloying process.

Grain size measurements were made from transmission
electron microscope (TEM) foils to determine the mechanism
by which dispersoid content affects alloy strength. As
shown in Figure 5, grain size (as determined by mean intercept
length) is independent of dispersoid content for dispersoid
levels between P4 and 9 volume percent. Thus, it is the
resistance to dislocation flow caused by the presence of
dispersoid particles that increases the strength of M/A Al
over the (work hardened) base strength. Meiklejohn and
Skoda(4) reported a similar relationship between stength and
volume fraction precipitate in mercury containing uniformly
dispersed iron particles.

Tensile strength at 450OF is also influenced
by dispersoid content, although to a lesser extent than room
temperature (Figure 6). At 550OF and 6500F, howe..er,
changes in dispersoid level between 5 and 10 volume percent
exert no influence on strength (Figure 7). Note, however,
that the M/A Al strength is far greater than that for
non-M/A Al at the same temperature (20 ksi vs. r2 .5 ksi, for
example, at 6500 F)(5). Thus, strength at temperatures
>0.6 TM is enhanced by the presence of dispersoid particles,
but there apparently is a maximum concentration above which
increases in dispersoid content exert no influence on
strength. Ductility is less at these temperatures than at
room temperature and this is attributed to high dispersoid
content and fine grain size.

7



The findings of the first portion of this study
were used to determine the influence of alloy additions on
strength. To do this, a base strength at 0% dispersoid,
(i.e., work hardened plus alloy addition increment) was
calculated using the relationship developed between disper-
soid level and strength. Thus,

Alloy Base Strength at R.T. = UTS (observed) - 3.41

x Dispersoid Content

Alloy Base Strength at 450F= UTS (observed) -

1.27 x Dispersoid
Content.

Base strengths for the unalloyed materials at R.T. and 4500F
are shown in Tables 7 and 8, respectively.

At 550 or 650'F, the dispersoid effect cannot be
subtracted because high temperature strength is not affected
by changes in dispersoid content at that concentration. The
expected strength-dispersoid content relationship is shown
in Figure 8; the materials studied so far lie on the horizontal
portion of the curve. Thus, the estimated alloy base
strength at 550%F or 6501F will include the dispersoid
contribution. As a result, estimated 550%F base strengths
may be higher than 450%F base strength. Despite this, the
values derived are useful to determine the contribution ot
the alloying elements to strength.

Binary Alloys. In an effort to enhance high
temperature ductility, dispersoid level was lowered in these
and subsequent heats and attempts were made to achieve
strengthening through alloy additions. Mechanical properties
of the binary alloys at R.T. are given in Table 9. Note
that, except for the Mg and Cu containing alloys, the
exhibited strengths are generally less than, and the ductili-
ties greater than those of the unalloyed materials. This is
attributed to the decreased dispersoid level of the binary
alloys, (3.5-5.5 vs. 5-10 volume % for the unalloyed material).
The Cu- and Mg-containing alloys show substantially higher
strengths than their unalloyed counterparts, apparently due
to the potency of precipitation and/or solid solution
hardening. Zinc, an element with high solid solubility, is
the least effective strengthener because of its closeness to
Al in atomic size (,P7% diametral mismatch compared to
-,11-12% for Cu and Mg)(6). The relative contribution of
these alloying elements to strength is shown below:

Mg - 15.9 ksi/atomic %
Cu - 11.4 ksi/atomic %
Zn - 3.1 ksi/atomic %

8



Note that Mg and Cu, which have limited solubility at R.T.,
are by far more potent strengtheners than Zn, which has
extensive solubility. The relative contribution of each
alloying addition to strength is related in part to the
amount of lattice strain it produces. Conversely, the
solubility is inversely related to the lattice strain.
Thus, additions with limited solubility may be expected to
make the greatest contribution to alloy strength.

['he behavior of the remaining alloying elements is
quite different from Cu, Mg and Zn; the contribution to
alloy base strength being essentially independent of alloying
element (see Table 10). The average contribution of these
essentially insoluble and low solubility additions to alloy
base strength is 5.5 ksi.

Some slight contributional differences to strength
are seen when the alloy addition contents are considered on
a volume basis, (used because of the limited solubility of
these elements) Table 11. The most outstanding contribution
was mdde by the low level Fe addition, -16 ksi/vol.*
added. Note that the effectiveness of Fe a1-pparently
exists only in a limited compositional ranqe. When the
v)oIume % addition level is increased trom 0.38 to (.62, the
,t rengt h change per volume % addition d(creds t roim lb .1 to
7.4 ksi. This behavior implies that a fine, diSpers(ion of
aloying element was either not e'stab-ished or not maintaine-d
du Ing varIous th ermal exposures. 'I'lS my result frow
n in-optimized mechanical ailoyinq or may be, a con seviuence o1

using h i gh subseg uen t proces;ing teniprt ures. u rther
comments will be made when the results of the structural
analysis are discussed.

The contt I ut ion ()t allo)y add It 1 o (elments to
base strength at 450F Is s o (wn in Tahle(: 10. The aVe(age
contribution of the Low s(lubiility addit ions is 2.5 ksi,
ranging trom a 1.4 ks;i base strungth loss with ( to a ) ksi
base strength gain with the low-level Fe addition. Higl-F'e,
Mn, Cr and Ti contribute - ksi to base stre ngth, wlile N1
contributes almost nothing. The solid solution eleme, nts,
Zn, Mg and Cu result in base(: strength losses at 450'F; the
most potent strengtheners at room tempera'ure cause the
greatest strength loss at 4500F.

At 550 and 6500F, there i!, essentially no change
in the average alloy base st re ngtii, compared to th(, unll1oyed
materials (see Table 10). 'Thu.; , s{t-.,nqt continue!; to b.,
controlled !-olely by grain s nize arid (.prsoid content.
This behavior is a10so attr ib)utted to the- lack of a t in(,
dispersion of alloyinq elements.

9
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Ternary Alloys. The mechanical properties obtained
in the ternary alloys are shown in Table 12. A very limited
range of strength was obtained; the low UTS value being 53.7
ksi and the high value 55.6 ksi. Alloy base strengths are
shown in Table 13. In this case the average increase in
base tensile strength is 8 ksi, somewhat lower than might
have been expected from extrapolation of the binary alloy
data. Study of the bar microstructures, to be discussed
later, shows chunks of unalloyed material. Thus, the
increase in bulk additions may not reflect accurately the
amount of material added as effective, fine dispersoid.

The elevated temperature properties for the
ternary alloys are also listed in Tables 12 and 13. Contrary
to the behavior exhibited by the binary alloys, strengths
higher than the unalloyed materials are observed at every
temperature for the ternaries. For example, at 450OF a 6
ksi strength increase is seen in the ternaries, compared to
2.5 ksi in the binaries. Also, nearly 4 ksi strength
increases are seen at 550 and 650OF for the ternaries,
compared to no increase for the binaries. This behavior may
indicate an increasing effectiveness of higher alloy addition
levels to improve 550 and 650°F strength.

Property Stability

The effect of 100-hour exposures to 450 or 650°F
on the room temperature tensile properties of all materials
evaluated in this study is shown in Table 14. Essentially
no change in any of the mechanical properties was noted.
This behavior indicates resistance to grain or dispersoid
particle coarsening and is consistent with other reported
findings(7).

Stress Rupture Properties

Unalloyed Materials. All of the unalloyed materials
except one failed outside the test section when stress-rupture
tested at 450 or 650 0 F, Table 15. The one material which
failed in the test section (83071) contained the lowest
dispersoid level, further indicating the need for decreased
dispersoid content in the subsequent portions of this work.
Some indication of the capabilities of M/A materials to
withstand stress at elevated temperature can be obtained
from 83071. This material exhibited approximately a 24 hr
life at 4501F under a load of 22 ksi; at 650'F, stresses of
16 and 17 ksi caused failure in approximately 1 hour.
Note that both these specimens had previously endured at
least 24 hours at a I ksi lower stress.

Binary Alloys. The 450%F stress rupture properties
of the binary alloys are shown in Figure 9. These materials
seem to fall into three distinct strength gIroups: low

10



strength, exhibited by the mitti La al 1,-,t i wilt,.ijl
soluble elements, Mg, Zn or Cu; nt ti i med i~j t, t' 4 1mt_~ h,
al loys containing C r, N i, F e, jJI Io an In (n Ip I ~XIIJ t I A A

thle stress-rupture streng th of thie mul 1 1oye(d "Amle I; hiJIq
strength, showing stress bearingj capatbilI Ity in the_ 20-28 ksi
range. Only the Ti-containing alloy had this capahility.

At b500 I', three strenkgth qt on, - dlt! AqjA III dJet d
(Figure 10). Thle alI loys, contiing lk t hit ''l, ti elements
continue to be thle weakeast , whi it th li:St ons 1'1e Ils
now include thle Ni and low-Ft curitairiilsi a k) by , 11d WI t 1()h

t) the AI-l.65'li majterial. 'Ih &Ianlia b> li il 9

Cr , Mn a nd htighI Fe andi agaoin Iqpi AiX i j:,,t t. I, t pi ope I t t, ofk

the unalloyed comipos it ion.

The data obtained 1101.l tie( 4 ti 1111 WWI" tes
rupture tests (b ummiarized In Tab It 16) okga in duienonstirate
thle poor strunt Lh of thle SolId Sol ut io n s t t ( t (Itlhen(d AloI y s,
compared to thle strengIth of the lo)w so1 nil iy ctine nt
containing alloys. C0IonS(.iat ly , solid51.1lt1 al loying1(
el eme nts were not cons ide rei Ili the 1 1nal p orition of this
Work . Ni, Ti and low Fe add it ions ate seeni to exett a
henie i ci a I2 e ftct on s t ress-i. uptuLre pr oper t ies , wh ilIe Co,
CL , Mn and high-Fe have I i tt t euIIu ect . htecka1Ise Ni anld CO
were Lt Id to decrease fl igh1 teiipera t ru tensile sti eng th ulnd

MIA exh ihited niarg inal 4500 F -stress-t uptire Strength, only
cOI)mh ined allIoy add i tions of Fe and Ti , Fe and Cr, anrd Ti 'And
(4I, plus a higher Ti contenit binary alloy, were evaluated Ii
the fin(al phase of. this contract.

Tern Ia ry Al loys. lie U st LU eS - t Ap I 1 t-, I.'s ti

the, t ernary alloys a t 450 IS -;IOWTI 11in (L I Iin 1.A
1ingtIulIai res;ponse is; eX Iit ib teCd by t Ilk- M IiA t 'Ii Ii>, I k a 1 1

less ol( alIlIoy a ddt ion. Linleal- I egLLUe;t t Lt aIl 1 ( Ithe lk

lo W;St rs (2SS V S. log lifeC da~ta 1)p.er ) n i d'.t'sivJi J I Lul 1 t t k
S t Ltess- S 11 - r eIa tio0n1ShipAJ). IhIis Was. oluid to I t

(3ks i ) 2 9. 5 -i.-1) ()3

where-k a(ksi ) = a ppI Ied S t Ls-;s InI k:'i, ii

t Iitfe inl hours

Thit Correlation coet I icient tor this; ex iS. 1, A> 1

'lhe 6')00J- tern1ary alloy sti >iaI I , :,1 '1:
Shown inI [-iqnre 12. AS in the Ii flu y alI', ']IIl i

s tres -lI It e telatilohi.- l'Are eXiite tkd wt.I 1i d'1

mdriner dependenlt upon~t the' Al loyi 11i (? I1t tit> . Ce t#I - I ii

T i conrit a i ig al Ioy s at cltea r IYsnp*:rior1 ( I t t he I (.-; I ui

(rrl'i all Ioys . The( turner1CI nlaktrialls ost> t 'l 'Ofl I
st tength and a I es steep log teq,1( it5 tkin th
latter materials' ( te. te If of c( ti h# le Ilo

I I



I-.ss sensitive to changes in stress). This is an excellent
combination of characteristics, permitting operation at
higher stresses and greater increases in life with relatively
smaller load reductions than the Fe-Ti and Cr-Ti alloys.
The 450OF and 650OF stress-rupture data for the ternary
alloys are summarized in Table 17.

Creep Properties

The ternary alloys were the only ones for which
creep behavior was evaluated. Because of the limited number
of samples available, these alloys were treated as a single
material whenever property similarities appeared. The
manner in which the data were interpreted is explained with
reference to Figure 3. The creep curves were broken into
two plastic strain components: (1) an indication of the
amount of strain during primary (stage I) creep, 11, given
by the difference between the extrapolated intercept of the
steady-state portion of the creep curve and co , the strain
on loading assumed to be all elastic; (2) strain during
steady-state creep, ts.t, where ts is the steady-state
creep rate and t is the time length of the test. The
initial strain on loading (co ) was ignored since loads
selected for creep testing were well below the 0.2% offset
yield stress and examination of the load-deflection curves
indicated that the initial deformation is essentially all
elastic. The test parameters £1 and ts were determined for
each test and plottea as a function of test stress. In most
cases, more than one value of ts was obtained by step
loading the specimens to a higher stress after they had run
100 hours at a given load. This technique did not provide
any additional values of e£, this was limited to the value
determined from the first applied stress. The creep response
of the Al-l.65Fe-I.68Cr alloy, in this case tested at 6500 F,
is typical of the behavior of the alloys studied in this
contract and is shown in Figure 13.

The values of £1 and ts obtained from the tests
conducted at 450 °F are given in Table 18 and plotted against
stress in Fiqure 14. Examination of Figure 14(b) shows that
steady-state creep rate increases rapidly with stress except
for the AI-l.65Fe-I.68Cr alloy. This material showed an
abnormally low steady-state creep rate dependence on stress
which, as will be shown in the 650°F test results, was not
reproducible. As a result, the data obtained from this test
specimen were not included in the interpretation of creep
response to stress. Iqnorinq those data points, the following
linear functional relationships were obtained:

EI = 4 x 10-4a(ksi) - 7.9 x 10- 3  ; r=0.57

,(hr - | )  = 5.7 x 10-6o(ksi) - 1.2 x 10 - 4  ; r=0.87
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Note that some of the correlation coefficients in this and
the subsequent analysis are somewhat low. Although these
indicate poor linear correlation, they do support the
existence of trends. Due to the lack of adequate data on
each alloy to perform i dividual analyses, estimates must be
made using this approach. The total creep strain as a
function of stress and the time is given by:

eT = cI + ts~t

where ET is the total creep strain, and cl and ts
are functions of stress. Rearrangement of the equations and
substitution of 0.002 for cT and 100 hours for t permits
estimation of the stress which will result in 0.2% creep
strain in 100 hours. The value obtained for these materials
at 450OF is 22.6 ksi.

A similar treatment was performed for the creep
data generated at 650 0 F. The values of c, and ts are pre-
sented in Table 19 and plotted against stress in Figure 15.
Steady-state creep rate for one of the Al-l.65Fe-l.68Cr
alloys again shows an abnormally low dependence on stress.
However, a second specimen behaved in a manner similar to
the remaining test specimens. As a result, the first set of
data were not used for the subsequent analysis. Another
specimen exhibiting unusual behavior was the AI-l.8Cr-l.8Ti
alloy. When loaded to 11 ksi, this specimen showed an
extremely high value for steady-state creep rate while, when
loaded to 12 ksi, the rate dropped to a more representative
value. Consequently, the first creep rate datum of that
test was also ignored. Estimation of the expressions for
cj and ts resulted in the following:

eI =  2.35 x 10-40(ksi) - 2 x 10- 3  ; r=0.44

Es(hr - I ) = 2.6 x 10-60(ksi) - 2.9 x 10- 5  ; r=0.76

Use of these expressions results in a calculated value of
13.9 ksi for 0.2% creep strain in 100 hours at 650'F.

Although this stress is below the target value of
18 ksi for a 100-hour test, the benefit of dispersion
strengthening becomes apparent when the stress for 0.2%
strain in 1000 hours is calculated. This value is estimated
to be 11.6 ksi and exceeds the target value of I0 ksi by a
comfortable margin. This low dependence of stress on time
is typical of dispersion strengthened materials and indicates
a unique advantage over conventionally made alloys. The
advantage is a direct result of the presence of phases
essentially inert, compared to the intermetallic compounds
usually used for strengthening in conventional I/M alloys.

13



Grain Coarsening Attempts

Unalloyed Al. Grain coarsening through modifications
in thermomechanical processing (TMP) of MA Al (83060)
involved hot rolling and annealing treatments. The 0.625"
dia. extruded bar was hot rolled to 0.312" dia. (75% reduction)
of area) at either 750, 850 or 950'F. Room temperature
tensile properties were determined from the as-rolled
pieces. The remaining bar was then annealed at 950OF for 1
hour. Mechanical property evaluation involved static
tensile testing at room and elevated temperatures (450, 550
and 6500F) for material rolled at 750 or 950IF and annealed.
Bar rolled at 850 0 F and annealed at 1050'F was stress-rupture
tested at 450 and 6500F.

The effect of hot rolling-annealing combinations
on the tensile properties of unalloyed MA Al (83060) is
shown in Table 20. The most significant effect on tensile
properties is in the greatly increased ductility at all test
temperatures. A factor of two improvement in tensile
elongation is realized at room temperature (6% to 512% after
TMP) and 450OF (4.5% to 9% after TMP), with even greater
improvements seen at 550 and 6500F. Significant improvements
in % RA were also obtained, except at room temperature,
where some decrease was generally observed. However, even
though less than before TMP, room temperature RA is still
>40%. No improvement in elevated temperature tensile
strength results from this TMP operation. However, room
temperature yield strength decreased, particularly after the
10500 F/l hour anneal.

Stress-rupture properties before and after modified
TMIP are shown in Table 21. Although substantial strength
increases at 450OF are realized with the TMP material, this
is probably a result of the improved ductility rather than a
real improvement in strength. No strength advantaqe of TMP
appears in the tests conducted at 6501F.

Quantitative metallography was performed on
the standard processed bar and on bar rolled at 950IF and
annealed at 10500F. The results of this analysis showed
that only slight grain coarsening was achieved by the TMP
variation. The standard material exhibited a mean grain
size of 0.19 Pm with a standard deviation of 0.03 Pm, while
the mean grain size and standard deviation of the TMP
material was 0.24 Pm and 0.08 ijm, respectively. Thus, it is
concluded that this TMP attempt was generally unsuccessful
at effecting grain growth.
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A1-4Ti. The second attempt at grain coarsening
was made on material from powder lot 83089 (AI-4Ti). This
processing variation included degassing, compaction and
extrusion to 0.625" dia at 1050%F. Further, the strain rate
during extrusion of this bar was 1.9 sec -1 , compared to
the typical value of >10 sec -1 used for the other bar.
Because of material restrictions, testing was limited to
tensile tests at R.T., 450 and 650%F and creep testing at
450 and 650'.

Increased grain size was achieved using this
technique as shown in Figure 16. Bar extruded at 800 'F
shows fine, irregularly shaped grains and a high concentra-
tion of grey and black regions. After slower strain rate
extrusion at 1050'F these features are not observed and
coarse, equiaxed grains are present. Tensile properties,
shown in Table 22, reflect the increased grain size.
Substantial room temperature strength loss is observed with
less striking losses at 450%F and 6500F. The room temperature
UTS dropped from 55.6 ksi to 37.7 ksi, as a result of the
higher temperature, lower strain rate extrusion. At 6500F
the drop was from 27 to 23.5 ksi.

The effect of increased grain size on creep proper-
ties is shown in Figures 17 and 18. At 450'F (Figure 17)
the grain coarsened material exhibited inferior primary
creep resistance and greater steady-state creep rate. The
greatest differences between primary creep strains from the
two processing conditions was noted at low stress (e.g., 17
ksi), whereas at stresses <'23 ksi, very little diffterence
in response was noted. Steady-state creep rate suffered
doubly as a result of TMP; both the intercept and slope of
the log ts vs. log a curve are greater for the TIMP variant
than for the lower temperature, higher strain rate extruded
material. At 650%F (Figure 18), the high temperature, low
strain rate processing makes no difference to steady-state
creep rate and only slightly affects the primary creep
strain response. Thus, grain coarsening of these materials
results in decreased creep resistance at temperatures less
than 650OF and shows no benefit at 6501F. The conclusion to
be drawn from this work is that creep resistance at temperatures
around 450 0 F apparently will be increased by processing
modifications aimed at increasing static properties. Thus,
improvements will likely be obtained from increased dispersoid
content, decreased grain size and increased alloy additions.

Microstructure

Binary Alloys. Optical microqgraphs of lonq1tudinal
and transverse sections of the alloys made with the most
soluble alloying elements, Cu, Mg and Zn, are shown in
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Figures 19-21. The Al-3.9Cu alloy, (Figure 19) exhibiting
the least solid solubility of these alloys, shows a uniform
dispersion of an equiaxed second phase and essentially no
strung-out particles. The second phase particles, which
have a maximum dimension of about 5-10 Pm, are believed to
be coarse e, Al 2 Cu, which formed during the 7000F heat-up
for extrusion. The lack of stringers in the bar is an
indication of the ease with which this mixture can be
mechanically alloyed.

The Al-3.4Mg alloy (Figure 20) shows a clean
structure with few stringers and no evidence of precipitates.
The lack of precipitates is as expected, since this composi-
tion does not exceed the solid solubility of Mg in Al until
temperatures lower than about 2000F are reached.

A fine, uniform dispersion of an unidentified
second phase and occasional elongated, white regions
believed to be unincorporated zinc, are seen in the Al-6.6Zn
micrographs (Figure 21). Transmission electron micrographs
of the Cu, Mg and Zn containing alloys are shown in Figure
22. All three materials show similar grain sizes, approxi-
mately 0.18 Pm determined by the linear intercept technique.
The Cu containing alloy appears to contain a dispersion
which may be fine Al 2 Cu, while the very fine phase visible
in the Al-Mg alloy is believed to be the oxide and carbide
dispersoid particles. For comparison, a TEM of unalloyed
material is also shown in Figure 22.

"he microstructures of the alloys showing limited
solubility (solid solubility at the melting point less than
2 weight %) are shown in Figures 23, 25 and 26. The AI-l.9Cr
alloy (Figure 23) shows the presence of coarse grey particles.
Electron microprobe analysis (EMPA) of these particles
identified two distinct compositions: elemental Cr, and an
intermetallic compound with Al and Cr ratios nearly equal to
that of the equilibrium compound, Al7 Cr. An x-ray map
depicting both phases in the Al-rich matrix is shown in
Figure 24. The presence of elemental Cr is an obvious
indication of incomplete powder processing. The intermetallic
compound is presumed to have formed by interdiffusion of Al
and Cr rather than by particle coarsening. Selective formation
of the intermetallic compound is assumed to have resulted
from variations in the Cr to Al bonding (wetting) during
processing. Note that the elemental Cr shows a distinct
boundary with the Al, thus preventing atomic transport.

The Al-l.4Ti alloy is shown in Figure 25.
The presence of numerous elongated stringers in the lonqi-
tudinal section and short, elongated regions in the transverse
section indicates advanced, but incomplete incorporation ot
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the Ti into the Al powder during mechanical alloying. The
severe attack of the stringers when etched in a hydrofluoric
acid containing solution verified that they are essentially
unalloyed Ti.

The Al-l.9Mn alloy (Figure 26) is similar to
the Al-Cr material. Many apparently unincorporated particles
are observed and, on examination in the microprobe, these
were found to be elemental Mn or coarse AI 6Mn particles.

TEM's of the above three alloys, Figure 27,
again show similarities in grain size, independent of alloy
additions. No evidence of very fine intermetallic dispersoids
is present, reflecting poor incorporation of the alloying
elements during mechanical alloying.

Microstructures of the alloys made with essentially
insoluble additions are shown in Figures 28-30. Micrographs
of the Al-2Co alloy (Figure 28) show a generally uniform
distribution of fine (<I Pm) second phase particles and an
occasional larger, 5-25 Pm, grey particles. Except for the
occasional larger particle, the Al-Co material appears to be
well processed.

The Al-l.6Ni structure is shown in Figure 29.
Large white patches, believed to be unalloyed Ni, appear in
both the longitudinal and transverse sections. The additional
particles visible may be either added Ni or Fe contamination
picked-up during processing.

The microstructure of the AI-l.lFe alloy is
shown in Figure 30. Only an occasional white streak is
evident, implying relatively easy incorporation of the Fe
addition into the Al matrix. A very fine, uniformly distri-
buted phase, presumed to be the Al 3Fe intermetallic
compound, is also present.

TEM's of the above three materials are shown in
Figures 31-33. In general, the grain size of these alloys
are nearly equal but occasional evidence of grain coarsening
was observed. Figures 31a and b (Al-Co alloy) show areas
which are similar microstructurally, except for the presence
of large grains, thus implying the ability of the uirains
to coarsen under certain conditions. Figures 12a and h, the
Al-Ni alloy, show two distinct microstructural types; a
fine grain region containing a high concentrition of pau-
ticles, and a coarse grain region containing a reativ' Iy
low -oncentration of well defined, spherical partil
Fiqure 12c shows the interface ,hotwr th, I in,' ;nd ,
grain regions, believed to mark the loca in (O ) thi<, unal oy(_i



Ni. Thus, the presence of coarse grains in this case
results from the absence of grain size controlling dispersoid
particles. No regions containing coarse grains were seen in
the Al-Fe alloy, Figure 33.

Ternary Alloys. The microstructures of the ternary
alloys are shown in Figures 34-38. In general, the appearance
of these materials could have been predicted from the binary
structures. The Al-l.8Fe-l.9Ti alloy structure (Figure 34)
consists of regions of unincorporated Ti (grey particles)
and small regions rich in Fe (white streaks). The two
Al-Fe-Cr alloys, Figures 35-36, similarly show white, blocky
Cr particles and white Fe streaks. The Al-l.8Cr-l.8Ti
structure, Figure 37, shows the typical, strung-out,
grey Ti particles and blocky, white Cr particles. The
structure of the Al-4Ti alloy, shown in Figure 38, is quite
similar to the lower alloyed, l°4Ti composition.

18



SECTION VI

SUMMARY

This investigation was aimed at gaining an under-
standing of the factors controlling room and elevated
temp-rature strength in aluminum alloys prepared by mechanical
alloying (M/A). Five factors were found to contribute to
strength at room temperature:

(1) Retained cold work - caused by severely cold
working the powder during mechanical alloying and
retarding the recovery process by introducing
dispersoid. This results in an Al base strength
equal to that of EC Al hardened to the H19 temper.

(2) Fine grain size - stabilized by the presence
of oxide and carbide particles which, if present
in sufficient quantity, render the material
virtually immune to grain growth.

(3) Oxygen plus carbon content - determines the
quantity of dispersoid which will form by reaction
to A1 203 and A1 4C3 , respectively. In addition to
stabilizing the microstructure, dispersoid content
apparently contributes to strength by impeding
dislocation movement.

(4) Solid solution/precipitation hardening - Cu and
Mg additions were found to exert a profound
influence on strength, presumably through precipita-
tion and solid solution hardening. Unfortunately,
these elements and Zn severely decreased elevated
temperature properties.

(5) Low solubility addition elements - had limited
strengthening effectiveness which was essentially
independent of the element selected and was not
linearly related to alloy content. These responses
are attributed to incomplete micro-incorporation
of the alloying elements during processing. The
presence of coarse, unalloyed particles, or
intermetallic compounds formed by intevdi tu uion,
is evidence that the full strength ,nini contri ution
of the additions never occurred. Thus;, ( s;timat ions
of strengthening contribution )erI al 1() nq e lement
are conservative.

Tetnsile properties at 4510°l also de)ended on

dispersoid and low solubility element conte nt, hut to a
lesser extent than at room temperature. At 551)0 and 650 0 F,
tensile properties continued to be sl iqht 1y int luenced hy
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low solubility element content but they were independent of
changes in dispersoid content. This is assumed to reflect
an overwhelming influence of the fine grain size on control-
ling strength compared to the interference of dislocation
motion by dispersoid particles. The stabilizing effect of
the dispersoid particles on grain size is further demonstrated
by the absence of room temperature strength loss following
100-hour exposures at temperatures as high as 650 0 F.

Creep and stress-rupture properties were also
influenced by alloy additions; Mg, Cu and Zn adversely
affected properties, while the low solubility additions did
not harm, and in some cases improved, strengths. The alloy
additions most benefitical to stress rupture properties were
Ti or a combination of Fe and Cr. Combinations of Cr + Ti
or Fe + Ti did not improve properties beyond those exhibited
by the unalloyed materials.

Creep response, evaluated only for the ternary
alloys, appeared to be independent of alloying element
addition. Assuming this independence permitted definition
of total creep strain as a function of stress and time.
Estimates of the stresses required to produce 0.2% creep
strain in 100 hours are 22.6 ksi at 450*F and 13.9 ksi at
650'F, somewhat below tht- target values of 36 and 18 ksi,
respectively. However, extrapolation of the data to 1000
hours resulted in an estimated 11.6 ksi stress required to
cause 0.2% creep deformation at 650*F. This value exceeds
the target stress of 10 ksi by a comfortable margin and
indicates a unique advantage of mechanical alloying over
conventional processing. The advantage is the ability to
introduce an essentially inert, fine dispersion uniformly
distributed throughout the matrix. The dispersion acts as
an effective barrier to dislocation motion at high temperature.

Material variations needed to increase strength at
the lower temperature regime were indicated by the negative
response of grain coarsening studies. Both tensile strength
(at R.T. or 4500 F) and creep resistance decreased as grain
size increased, indicating a similar influence of grain size
on both these properties. Additionally, coarsening of the
grains had no effect on 650OF creep properties. Thus,
efforts to bring about the desired increase in tensile
strength, namely increasing alloy content and dispersoid
level, are not expected to exert a deleterious effect on
creep properties, even though they would further stabilize
the alloy's fine grain size.
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SECTION VII

CONCLUSIONS

1. Room temperature tensile properties in mechanically
alloyed materials are controlled by retained cold work,
grain size, dispersoid content, solid solution and precipita-
tion hardening and by the presence of low solubility addition
elements.

2. Solid solution and precipitation hardened alloys
possess lower strength at elevated temperature ( 450%F)
than unalloyed materials of comparable dispersoid level.

3. 450%F tensile properties in unalloyed and low
solubility addition element containing alloys are controlled
by dispersoid content, but to a lesser extent than at room
temperature.

4. 450OF tensile properties increase slightly with
increasing quantity of low solubility addition element.

5. 550OF and 650OF tensile properties are independent
of changes in dispersoid content.

6. 550OF and 650%F tensile properties increase slightly
with sufficiently high quantities of low solubility alloying
elements.

7. Room temperature tensile properties are not altered
by 100-hour exposures at 450 or 6500F.

8. 450OF and 650%F stress-rupture properties are
adversely affected by additions of Mg, Cu or Zn (i.e., solid
solution/precipitation hardened alloys).

9. 450OF and 650%F stress-rupture properties are
generally improved by additions of low solubility elements
compared to unalloyed material.

10. 650%F stress-rupture properties are improved most
by additions of Ti or Fe + Cr.

11. Creep response (not evaluated for solid solution/
precipitation hardened materials) is independent ot alloying
element additions.

12. The stresses estimated to produce 0.2t croep
strain in 100 hours at 450OF and 650%F are 22.6 and 13.9
ksi, respectively.
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13. Mechanically alloyed aluminum alloys exceed the
stress goal for 0.2% creep strain in 1000 hours at 650 0 F,
(11.6 ksi estimated vs. 10 ksi target).

14. Recrystallization to coarse grain size was not
produced by thermomechanical processing variations.

22
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SECTION VIII

RECOMMENDATIONS FOR FURTHER RESEARCH

Further studies aimed at developing a high strength
Al alloy made by mechanical alloying (M/A) should concentrate
on the following areas:

(a) Improved alloying element incorporation. Some of
the alloys prepared under this contract showed evidence
of non-optimum attritor processing. This resulted from
differences in the response of the wide variety of composi-
tions studied to the "standard" attritor operating conditions
selected. Improved processing would be expected to lead to
improved mechanical properties. The use of prealloyed Al
powders may be helpful in this respect.

(b) Optimized alloy content and composition. The
response of mechanical properties to increasing intermetallic
compound content was not satisfactorily defined because of
inefficiencies in alloying element incorporation. Further,
the optimum mix ot intermetallic and oxide and carbide
dispersoids remains to be defined. Determination of the
effects of these variables on tensile and creep properties
would allow definition ot an optimized alloy composition for
high temperature use.

(c) Claritfication of grain size ettects. Anomalous
rei;ults concerning the benet it of coarsened-grains on creep
pro)perties were obta ne(d in this study. Improved creep
prope rt . expected t() dccom[any Irtain coarsen ing were not
observed. Further stUdl1,s to d(th Itne the trade-oft between
sot ten1nq associated with1 stress rte ief arid crep resistance
asso('iated with greatly inct.eas;ed gIrain ;ize is requited.
Proce!ssing modifications whIich wi I j produLCe coarse, elongated
grain .;tructures, analogous to tho o whichb re:sult in improved
creep properties in MA Ni alloyf;, r ,maln to bu del ined.

(d) Structural studies. Information regarding the
shape, size, quantity, distribution and s;tability of inter-
metallic, oxide and carbide phase, 15; rku i red. By !sy stema t-
ically varying te relative amounts of ttf.ese phases;, tho i

effect on mechanical properties could be- deLtt-mi ed.

Concerted research in the,!e four ara.; woiul(d b(
expected to lead to compositional an d s t r it ti r, a de I in t ion
of an MA alloy or alloys ideally sulted for higjh temfratur(-
application.
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Table 2. Composition and Dispersoid Content of
M/A Unalloyed Al Powders.

Carbide
Alloy Dispersoid ( Oxide

Identification 0 C Fe (Vol.%)* by Vol.

83060 1.36 1.25 .11 6.95 1.99
83062 2.39 1.08 .049 8.10 .98
83071 1.75 .53 .13 4.96 .66
83072 1.29 1.78 .21 8.80 3.00
83083 1.47 1.97 .14 9.82 2.90
83088 1.27 1.39 .044 7.33 2.37

*Vol.% Dispersoid = 1.71 x (wt.% 0) + 3.71 x (wt.% C).

Table 3. Composition and Dispersoid Content of M/A
Binary Al Alloy Powders.

Alloy v/o
Identification Alloy Addition 0 C. Dispersoid*

83074 Fe 1.79 1.41 .49 4.23
83076 Co 1.98 1.41 .51 4.30
83079 Ti 1.65 1.37 .54 4.34
83081 Fe 1.09 1.95 .b0 5.56
83085 Mg 3.4 1.33 .59 4.4b
83086 Mn 1.92 1.53 .53 4.58
83087 Zn 6.6 1.86 .51 5.07
83696 Ni 1.60 1.73 .36 4.29
93697 Cr 1.87 1.26 .39 3.61)
83698 Cu 3.9 1.43 .46 4.15

*Vol.% Dispersoid 1..71 x (wt.% 0) + 3.71 x (wt.% C).

Table 4. Composition and Dispersoid Content of M/A
Ternary Al Powders.

Alloy V/0
Identification Al lo Addition 0_ C si)vrsoid*

83700 1.75Fe + 1.95Ti 1.46 0.45 4.17
83702 1.65Fe + 1.68Cr 1.70 0.54 4.91
83703 1.77Fe + 2.35Cr 1.56 0.48 4.45
83704 1.82Cr + 1.39Ti 1.60 0.51 4.70
8089 4.0 Ti 2.11 0.47 5. 5

Vo .* -1)i-spersoid -= -1 .-7lx (wt ) + 1.71 x (wt .* C).
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Table 7. Room Temperature Base Strength

of Unalloyed Materials.

Alloy v/o UTS 0o*

Identification Dispersoid (ksi) (ksi)

83060 6.95 51.8 28.1
83062 8.18 55.5 27.6
83071 4.66 47.7 30.8
83072 8.80 60.6 30.6
83083 9.82 64.8 31.3
83088 7.33 59.5 34.5

mean = 30.5
standard deviation = 2.5

o= UTS - 3.41 x (v/o dispersoid) = base strength.

where 3.41 is the slope of the UTS vs. v/o dispersoid curve,
thus 00 is the predicted strength of each heat at 0%
dispersoid. Note that the mean 30.5 ksi, is approximately
the strength observed in EC Al hardened to the H19 temper.

Table 8. 450OF Base Strength of Unalloyed Materials.

Alloy v/o UTS 00*

Identification Dispersoid (ksi) (ksi)

83060 6.95 31.6 22.8

83062 8.18 31.5 21.1
83071 4.96 30.4 24.1
83072 8.80 32.6 21.4
83083 9.82 37.8 25.3
83088 7.33 30.6 21.3

mean = 22.7
standard deviation = 1.7

aO UTS - 1.27 x (v/o dispersoid) = 450F base strength.

where 1.27 is the slope of the UJTS vs. v/o disJpersoid curve.
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Table 16. Stress-Rupture Datd - Binary Alloys.

Test
Alloy Alloy V/o Temp. Stress Life El. RA

Identification Addition Dispersoid (0 F) (ksi) (hr) (t) (%)

83074-7 1.79 Fe 4.23 450 24 1.3 2 3.8
-9 1.79 Fe 4.23 450 22 25.0 1 1.4
-8 1.79 Fe 4.23 650 15 14.1 3 2.8
-10 1.79 Fe 4.23 650 15 .6 1 1

83076-7 1.98 Co 4.30 450 22 4.2 2 10.4
-9 1.98 Co 4.30 450 22 2.9 13 9.7
-8 1.98 Co 4.30 650 16 1.4 5 12.8
-10 1.98 Co 4.30 650 15 227.8 1 18

83079-7 1.65 Ti 4.34 450 28 4 3 6.5
-9 1.65 Ti 4.34 450 26 20.5 4 11.5
-8 1.65 Ti 4.34 650 17 30.7 4 10
-10 1.65 Ti 4.34 650 17 150.1 2 6.6

83081-7 1.09 Fe 5.56 450 18 9.2 Nil Nil*
-9 1.09 Fe 5.56 450 18 25.9 Nil Nil*
-8 1.09 Fe 5.56 650 19 7.1 3 9.4
-10 1.09 Fe 5.56 650 19 .7 3 4.0

83085-7 3.4 Mg 4.46 450 18 .3 29 78.2
-9 3.4 Mq 4.46 450 16 1.2 23 79.1
-8 3.4 Mg 4.46 650 10 12.2 8 30.2
-10 3.4 Mg 4.46 650 10 12.3 8 37

83086-7 1.92 Mn 4.58 450 20 7.9 Nil Nil*
-9 1.92 Mn 4.58 450 20 14.2 Nil Nil
-8 1.92 Mn 4.58 650 15 4.9 Nil Nil

83087-7 6.6 Zn 5.07 450 18 6.1 Nil NIl*
-9 6.6 Zn 5.07 450 18 13.0 2 5.2
-8 6.6 Zn 5.07 650 14 .9 0 0*
-10 6.6 Zn 5.07 650 9 2200 Nil Nil**

83696-7 1.6 Ni 4.29 450 24 1.0 3 12

-9 1.6 Ni 4.29 450 22 14.2 1 10.1

-8 1.6 Ni 4.29 650 18 21.3 7 22
-10 1.6 Ni 4. 29 650 18 2.7 6 h.

83697-7 1.87 Cr 3.60 450 24 1.6 0 t*
-9 1.87 Cr 3.60 450 22 41.4 0 o *
-8 1 .87 Cr 3.60 f 1) 15 2h. 1 4. 9
- 1 1.87 Ci .00 650 1 f, '. 6 4 14. 8

H8i98-7 i.6 Cu 4.1P 4)0 1 Ih. 1 4 14.7
-9 1.6 Cu 4. 15 4' 0 1U 12.4 4 17..
-8 3.b Cu 4. 1 W ) 1 11.1 4 4.
- . C. u 4.15 6,50 I 1.4 .,4
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